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Experimental Section

1. Characterizations

X-ray diffraction (XRD) patterns were collected using X-ray diffractometer
(Bruker D8 Advance, Cu Ka radiation A=0.15404 nm). The morphological,
microstructural and elemental mapping were analyzed by field-emission scanning
electron microscopy (FESEM, ZEISS Gemini 300), coupled with energy dispersive
spectrometry (EDS), and transmission electron microscopy (TEM, FEI Titan G2 60-
300) coupled with energy-dispersive X-ray spectroscopy (EDX). Surface elemental
composition and valence state were analyzed by X-ray photoelectron spectroscopy
(XPS, Thermo fisher Scientific K-Alpha+, with Al Ka radiation of 1486.6 e¢V). The
binding energies were calibrated by setting that of C Is as 284.8 eV, and the

corresponding spectra were fitted by the Thermo Avantage software.

2. Electrochemical Measurements

Electrochemical measurements were carried in a standard three-electrode cell on
a Zennium-XC electrochemical workstation, and the chronopotentiometry
measurement data was recorded by the CORRRTEST CS310 electrochemical
workstation. The prepared catalyst was used as the working electrode, graphite rod as
counter electrode and Hg/HgO electrode as reference electrode, and a mixed solution
of 1.0 M KOH and 0.33 M urea was used as electrolyte. Prior to electrochemical testing,
cyclic voltammetry (CV) test carried at 50 mV s*! was performed for 40 cycles to
activate the sample. Linear sweep voltammetry curve (LSV) was recorded at the
scanning rate of 5 mV s and corrected by IR compensation. The electrochemical
impedance spectroscopy (EIS) measurements were conducted over a frequency range
of 100 kHz to100 mHz with AC signal amplitude of 5 mV, at an overpotential of -16
mV and 1.3V for the HER and UOR, respectively. Tafel slope based on the LSV curve,
was calculated through mapping overpotential and current density (Log| j (mA cm™2) |).
The electrochemical active surface area (ECSA) was evaluated by measuring the

electrochemical double layer capacitance (Cq) of different samples. For all catalysts,



Cq were obtained from CV tests, carried at the scan rates of 10 mV s to 50 mV s (10,

20, 30, 40 and 50 mV s*). The value of C4 was obtained by plotting the difference in

charge-discharge current density (/AJ=Ja-Jc). Catalytic stability was evaluated by

chrono potentiometry. All electrochemical tests were performed at room temperature
and all potentials were calibrated with respect to reversible hydrogen electrode (RHE)
under the equation E(RHE)=E(Hg/HgO) +0.098+0.059*pH. The overpotential (1) was

calculated according to equation: 1 = |Eys rug -1.23 V.



& L4

Co-Mn 8/NiS/Ni;S,/HNF .
s S o R o o] Peosaz

‘ \ MnSINi;S/HNF ‘\ .
- Al A

Ni;Sy/HNF
] L —

e
™ |

| g ), rorresezmenis] 25 30 35 45 50 55
" ||I

| PDF#44-1418-Ni,S,

Intensity (a.u.)

PDF#40-1289-Mn$S

PDF#04-0850-Ni
] ;

10 20 30 40 50 60 70 80
2-Theta (degree)

Fig.S1. XRD patterns of the Co-MnS/NiS/Ni3S,/HNF, MnS/Ni3S,/HNF, Ni3S,/HNF
and HNF.
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Fig.S3. The elemental mapping spectrums (a) and the corresponding EDX spectrum (b)
of the Co-MnS/NiS/Ni;S,/HNF catalyst.



Fig.S4. SEM images (a-c) of the MnS/Ni;S,/HNF at different scales.
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Fig.S5. XPS survey spectrum of Co-MnS/NiS/Ni;S,/HNF.
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Fig.S6. HER overpotential at different current densities of Co-MnS/NiS/Ni;S,/HNF,
MnS/Ni;S,/HNF, Ni;S,/HNF, HNF and NF.
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Fig. S8. CV curves of (a) Co-MnS/NiS/Ni3S,/HNF, (b) MnS/Ni;S,/HNF, (c)
Ni;S,/HNF, (d) HNF and (e) NF at different scan rates for Cy testing at non-faradic
reaction potential region for HER.

Fig.S9. SEM images (a-c), HAADF image (d), EDS images (e-f) of the Co-
MnS/NiS/Ni;S,/HNF after HER long-term stability test.
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Fig.S9. High-resolution XPS spectrum of Ni 2p (a), Mn 2p (b), Co 2p (c) and S 2p (d)
for the Co-MnS/NiS/Ni;S,/HNF after HER long-term stability test.
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Fig.S10. XRD patterns before and after chronopotentiometry measurement for the Co-

MnS/NiS/Ni;S,/HNF.
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Fig.S12. Photo of urea-assisted hydrogen electrolyzer.

Table.S1. Comparison of the HER performance of Co-MnS/NiS/Ni;S,/HNF and other
reported non noble metal electrocatalysts.

Catalysts Voltage (V)@ j(mA cm?) Stability Reference
P/Cr60-NiMoO, 35.7mV @ 10 mA cm? 100 mA cm? @ 100 h !
NiSe,/Nig gsSe-2h 76 mV @ 10 mA cm 100 mA cm? @ 100 h 2
Ni;S,@NiS-250/NF 129 mV @ 10 mA cm?? 250 mV @ 50 h 3
NiMoS@NSC 52mV @ 10 mA cm? 100 mA cm? @ 100 h 4
N-Ni-MoOy/NF 49 mV @ 10 mA cm? 1000 mA cm? @ 100 h 5
Mo-NiS/Ni;S,-rich Sv 73 mV @ 10 mA cm 30h 6
MoS2 NPs/CoS, NTs 99.3 mV @ 10 mA cm? 50h 7
20% Mn-Ni;Se, @NF 217 mV @ 10 mA cm?? - 8
NE-Ni3S,/MnO, 102 mV @ 10 mA cm2 48 h 9
Ni;S,@Ni;P 92 mV @ 10 mA cm - 10
CoFeP@Ni3S, 50 mV @ 10 mA cm? 27h n
Ni3S:@MoS; CS 98 mV @ 10 mA cm? 24h 12
N-C00Sg/Ni3S,NF 111 mV @ 10 mA cm 20h 13

Co-MnS/NiS/NizS,/HNF 34 mV @ 10 mA cm 100 mA cm? @96 h This work




Table.S2. Comparison of the UOR performance of Co-MnS/NiS/Ni3S,/HNF and other
reported non noble metal electrocatalysts.

Voltage (V)@ j(mA cm-
Catalysts Electrolyte 2 Stability Reference

100 mA

P/Cr60-NiMoO, 1 M KOH +0.33 M urea 1.36 V@ 100 mA cm? 1
cm2@60 h

100 mA

NiSe,/Nig gsSe-2h 1 M KOH +0.3 M urea 1.32 V@ 10 mA cm™ 2
cm2@60 h
1.34V

Coy3-Ni3S,/Ni3Sn,S, 1 M KOH +0.5 M urea 1.344 V @ 100 mA cm @lsh 14
LaNiO3;—NiO 1 M KOH +0.5 M urea 1.34 V@ 10 mA cm™ 1.5V@lh 15

1000 mA
N-Ni-MoO,/NF 1 M KOH +0.5 M urea 1.351 V@ 10 mA cm? cm2@100 5

h

MoS; NPs/CoS; NTs 1 M KOH +0.5 M urea 1.31 V@ 10 mA ¢cm™ 50h 7
Mo-NiS/Ni;S,-rich Sv 1 M KOH +0.5 M urea 1.4V @ 10 mA cm? 30h 6
20% Mn-Ni;Se,@NF 1 M KOH +0.33 M urea 1.369 V@ 10 mA cm™ - 8
Ni3S>@NisP 1 M KOH +0.33 M urea 1.36 V@ 10 mA cm? 12h 10
CoFeP@Ni;S, 1 M KOH +0.5 M urea 1.358 V@ 10 mA cm™ 25h 1
Co,P-Ni3S,/C 1 M KOH +0.5 M urea 1.338 V@ 10 mA cm™ 96 h 16

) 143V @
Co0S,/MoS,/Ni;S,/NF 1 M KOH +0.5 M urea 1.30 V@ 10 mA cm™ 100h 17
Ni;S,@MoS, CS 1 M KOH +0.5 M urea 1.336 V@ 10 mA cm™ 24 h 12
N-Co09Sg/Ni;S,/NF 1 M KOH +0.5 M urea 1.37 V @ 100 mA cm™ 20 h 13
Ni,S,/NF-3 1 M KOH +0.33 M urea 1.343 V@ 100 mA cm™ 20h 18

Co- 1.313 V @ 50 mA cm 100 mA

1 M KOH +0.33 M urea This work

MnS/NiS/NizS,/HNF 1343V @ 100 mA cm?  cm? @96 h
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